Mammalian circadian control is determined by a central clock in the brain suprachiasmatic nucleus (SCN) and synchronized peripheral clocks in other tissues. Increasing evidence suggests that SCNindependent regulation of peripheral clocks also occurs. We examined how activation of excitatory receptors influences the clock protein PERIOD 2 (PER2) in a contractile organ, the urinary bladder. PERIOD2:: LUCIFERASE-knock-in mice were used to report realtime PER2 circadian dynamics in the bladder tissue. Rhythmic PER2 activities occurred in the bladder wall with a cycle of ϳ24 h and peak at ϳ12 h. Activation of the muscarinic and purinergic receptors by agonists shifted the peak to an earlier time (7.2؎2.0 and 7.2؎0.9 h, respectively). PER2 expression was also sensitive to mechanical stimulation. Aging significantly dampened PER2 expression and its response to the agonists. Finally, muscarinic agonist-induced smooth muscle contraction also exhibited circadian rhythm. These data identified novel regulators, endogenous receptors, in determining local clock activity, in addition to mediating the central control. Furthermore, the local clock appears to reciprocally align receptor activity to circadian rhythm for muscle contraction. The interaction between receptors and peripheral clock represents an important mechanism for maintaining physiological functions and its dysregulation may contribute to age-related organ disorders. In mammals, rhythmic cellular and organ activities are essential for homeostasis and many physiological and metabolic processes. Disruption to the diurnal rhythms may lead to pathological changes to body function and the development of diseases. This is particularly relevant to the aging process, as alterations to circadian regulation occur during aging and may contribute to several age-related disorders (1-5).
In mammals, rhythmic cellular and organ activities are essential for homeostasis and many physiological and metabolic processes. Disruption to the diurnal rhythms may lead to pathological changes to body function and the development of diseases. This is particularly relevant to the aging process, as alterations to circadian regulation occur during aging and may contribute to several age-related disorders (1) (2) (3) (4) (5) .
Mammalian circadian rhythms are driven by endogenous biological oscillators, the biological clock. Major molecular insight into the biological clock has been gained since the identification and cloning of the first clock genes (6) . We now know that the central clock genes in the suprachiasmatic nuclei (SCN) are primarily entrained by light, and SCN outputs synchronize peripheral clock genes in cells of other tissues (7) . The mechanisms employed by these output pathways are not fully understood (8) but are likely to involve both neuronal and hormonal mechanisms. The clock machinery is comprised of oscillatory positive and negative transcriptional-translational feedback loops involving the clock-related genes and their products (9, 10) . In mammals, the main feedback circuit consists of two positive transcription regulators, CLOCK and BMAL1, and the negative regulator proteins PER and CRY (10) . CLOCK and BMAL1 proteins dimerize, bind to E-box enhancer elements present in the promoters of target genes, including clock genes and other clock-controlled genes, and thereby activate the expression of 3 Period (Per1, Per2, and Per3) and 2 Cryptochrome genes (Cry1 and Cry2). PER and CRY proteins translocate from the cytosol to the nucleus and inhibit CLOCK-BMAL1 activity. The full cycle of this transcriptionaltranslational feedback takes ϳ24 h. Additional accessory proteins or nuclear receptors, including D-site albumin binding protein (DBP) and the nuclear orphan receptors ROR and REVERB, reinforce stability and robust rhythmicity of the internal clock system. However, additional post-transcriptional regulation and epigenetic modifications have been increasingly recognized (11) (12) (13) (14) (15) . SCN-independent regulation of peripheral rhythms also exists (16, 17) , and regulation of clock genes is tissue specific (18 -20) . One major current knowledge gap in understanding the circadian control is the regulation of peripheral clocks (21) . It is generally accepted that the peripheral clocks are under the control of the master clocks in SCN, although specific pathways for such control remain to be defined for many peripheral tissues. A crucial question in the circadian regulation in peripheral tissue is whether and how the local clock machinery is entrained by local factors.
Recent evidence suggests that peripheral clock gene expression is subject to local metabolic (including aging) and mechanical stimuli, which also lead to epigenetic alterations underlying cellular dysfunction. In liver, pancreas, and adipose tissue, for example, the clocks can be influenced by the metabolic rate (22, 23 ). An unanswered but important question is whether similar mode of action exists in other tissue types. In contractile visceral organs such as the urinary bladder, where metabolism is not the primary function but contractions via excitatory neurotransmitters are the major physiological role, can the clocks be entrained by receptor activation? We therefore used the urinary bladder, where the mRNA expression of clock genes and ex vivo clock expression have been recently demonstrated in its smooth muscle (24) , and examined the influence of key endogenous receptors on local clock protein, PERIOD 2 (PER2) expression, using a realtime reporter gene, luciferase fusion protein (25) .
MATERIALS AND METHODS

Animals and maintenance
We used a PERIOD2::LUCIFERASE (PER2::LUC) fusion protein knock-in mouse model as a real-time reporter of PER2 circadian dynamics in the bladder (25) . PER2::LUC knock-in mice (B6.129S6-Per2tm1Jt/J) were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). The model was developed by inserting the firefly luciferase (luc) gene (followed by a loxP-flanked neomycin resistance gene) in-frame into exon 23 of the wild-type (C57BL/6J) sequence. The PER2::LUC ϩ/Ϫ knock-in heterozygotes were backcrossed to C57BL/6J inbred mice for 7-11 generations. Mice homozygous for this "mPer2Luc" mutation are viable and fertile, with no developmental or morphological differences compared to wild-type littermates. Expression of mPER2::LUC fusion protein during peak periods is similar to endogenous PER2 patterns (25) . Homozygous mice have normal entrainment and circadian behaviors. Animals were maintained under controlled environmental conditions: temperature 22 Ϯ 2°C, with a 12-h light-dark cycle (lights on 0500 -1700; off 1700 -0500). Wild-type C57BL/6J mice (2-5 mo) were used for control experiments.
Tissue preparations and culture
We used native tissue to reflect the physiological status and periodicity. The full-thickness bladder wall was used, as it preserves the integrity of the physiology. Briefly, the fullthickness bladder wall was dissected longitudinally from the dome to the bladder neck under the microscope guide, and the tissue was cultivated in vials with 0.5 ml of RPMI medium (including 2 mM glutamine, RPMI 1640; Invitrogen, Paisley, UK), supplemented with 10% fetal calf serum and 1% penicillinstreptomycin, at 37°C and 5% CO 2 , as described before (26) . Bladder clocks were synchronized by treatment with 1 M dexamethasone (27) for 1 h. Previous control experiments showed that tissue under fresh culture conditions retained basic physiological response without serious deterioration for Ͼ24 h. The cyclic changes of the clock activity were monitored under constant darkness at different time points for 24 h. In a subset of experiments, bladder mucosa and the underlying smooth muscle were separated by blunt dissection to measure the PER2 expression in each tissue layer.
Measurement of PER2 expression
The mice contained the fusion protein of PER2 and luciferase. When PER2 is translated in the presence of the substrate luciferin, its expression can be monitored as bioluminescence generated by the luciferase action, which is proportional to the quantity of PER2 proteins. The number of emitted photons positively correlates to the production of PER2 protein, and the bioluminescence rhythms match the PER2 protein rhythm in vivo (25) . The culture medium contained luciferin, the RPMI medium supplemented with 0.1 mM of endotoxin-free beetle luciferin (Promega, Madison, WI, USA) for monitoring the intracellular luciferase activity. The intensity of the luminescence was measured in a luminometer (Glomax 20/20; Promega).
Measurement of muscle contractions
Strips of mucosa-intact bladder smooth muscle (Ͻ1 mm diameter; 3-4 mm in length) were dissected longitudinally from the dome to the bladder neck, tied at one end to a fixed hook and at the other end to an isometric force transducer (FT03; Grass Instruments, West Warwick, RI, USA). The preparation was placed in a horizontal perfusion trough [4 mm (width) ϫ 5 mm (depth) ϫ 30 mm (length)] and superfused with Tyrode's solution (28) . Bladder clocks were synchronized with dexamethasone as described above to observe 24 h changes in the contractility. Contractions were evoked by a brief (4 min) application of muscarinic agonist, carbachol, or by electrical field stimulation (EFS; ref. 29 ) from a constant-current source, with a train of pulses for 4 s (frequency 8 Hz, pulse width 0.1 ms for selective nerve stimulation, or pulse width 1 ms for direct muscle stimulation); trains were applied every 90 s. The stimulation parameters were chosen to be ϳ1.5 times threshold by adjusting the output voltage (30 -40 V) of the stimulator (S48; Grass Instruments).
Chemicals
Carbachol and adenosine 5=-[␥-thio]triphosphate (ATP-␥-S) were obtained from Sigma-Aldrich (Gillingham, UK), and 1,2-bis-(2-aminophenoxy)ethane-N,N,N=,N=-tetraacetic acid tetrakis(acetoxymethyl ester) (BAPTA-AM) from Tocris Bioscience (Abingdon, UK). All chemicals used were of analytical grade.
Statistical analysis
Data are expressed as means Ϯ se; n is the number of bladders. Student's t tests were used to examine 2 normally distributed data sets, paired and nonpaired as indicated; 1-way ANOVA and a Bonferroni's post hoc test were employed for multiple comparisons. Correlation analysis was performed for the association between 2 variables. The null hypothesis was rejected at P Ͻ 0.05.
RESULTS
To observe the activity of the bladder clocks, we used the intact full-thickness bladder wall, which preserves the integrity of the tissue. This is particularly important, as the inner-lining urothelium is a newly recognized sensory structure, and its interaction with underlying smooth muscle and other structures coordinates the bladder function (30 -32) . Previous work has shown that PER::luc activity correlates with endogenous PER2 expression patterns in the SCN and peripheral tissues and allows tracking of PER2 oscillation dynamics in real-time (25, 33) . We were able to record significant luminescence light intensity from the bladders in PER2::luc mice. Its specificity was confirmed by the absence of luminescence signal in wild-type mice without the reporter gene (Fig. 1A) . Our data provide direct experimental evidence that PER2 is expressed in the mouse urinary bladder wall. Further experiments showed that PER2 was expressed in both smooth muscle and the urothelial mucosa (Fig. 1B) , demonstrating the importance of both tissue compartments in contributing to the bladder rhythms. To reveal the intrinsic period of the circadian rhythm in bladder wall, we used dexamethasone to synchronize individual clocks (27) in the bladder wall and observed circadian changes in PER2 expression (in culture under constant darkness) for Ͼ24 h. The bladders exhibited cyclic oscillating changes in luminescence and peaked at around 12 h in an ϳ24 h cycle, with a peak-to-trough ratio of Ͼ3-fold (Fig. 2) .
To determine whether activation of the major functional receptors affects the PER2 rhythms, we applied muscarinic agonist carbachol (10 M) and the nonhydrolyzable purinergic agonist ATP-␥-S (10 M) to the culture medium. We observed significant change to the circadian pattern of PER2, with the peak shifted to the left by both agents (Fig. 3A, B) . Thus, activation of muscarinic receptors and purinergic receptors affects PER2 expression in the urinary bladder. We further observed that reducing intracellular Ca 2ϩ by cell-permeable calcium chelator BAPTA-AM did not affect the peak time of expression (Fig. 3A, B) . This suggests that activation of excitatory receptors affects PER2 expression via more specific mechanisms other than simply changing the intracellular Ca 2ϩ levels.
Mechanical stress is an important local factor in a visceral organ and particularly relevant to pathological changes; it is also known to activate epigenetic factors (34, 35) . To examine the effect of mechanical stimulus on PER2 expression, we used a mild stimulus, as in other studies (36) , by inverting the vial 3 times. This gentle mechanical stimulus caused a consistent increase in PER2 activity (Fig. 3C ). This demonstrates that local PER2 is sensitive to mechanical stress.
Circadian rhythms are subject to aging. To examine whether PER2 expression was altered in a peripheral motile organ such as the bladder, we measured PER2 luminescence in PER2::luc mice of different ages. The data showed that PER2 expression in the bladder wall was negatively correlated with age (Fig. 4A) . This suggests a gradual reduction in clock expression with increasing age and may indicate less robust circadian organization of the organ function as it ages.
To determine whether the rhythmic activity was also altered, we measured the circadian changes in PER2-luciferase expression in these older mice. The results show that PER2 expression was reduced in bladders from older mice, and the peak was shifted to a later time (Fig.  4B ). To ask further whether there was a change to the major receptor regulation of the circadian clocks, we examined the effects of the two muscarinic and purinergic agonists on the expression of PER2 protein. Interestingly, the normal response to both agonists was lost in the aging bladders (Fig. 4B ). This suggests a loss of normal interaction between endogenous receptor activity and the clock rhythms during aging.
To demonstrate the physiological relevance of circadian rhythms in the bladder, we examined the contractile activity of the mucosa-intact bladder smooth muscle. Figure 5 shows 3 types of muscle responses to different stimuli. EFS with short pulse width (0.1 ms) generated contractions that were blocked by the neurotoxin TTX (1 M), suggesting that these contractions were mediated by stimulation of the nerves embedded in the bladder wall. EFS with wide pulse width (1 ms) produced contractions that were insensitive to TTX, suggestive of direct muscle stimulations by depolarizations. Agonist carbachol (10 M for 4 min)-evoked contractions were, however, not affected by TTX. This suggests that carbachol excited smooth muscles by directly activating the muscarinic receptors and did not stimulate the nerves.
Observation of 24 h activity of the bladder smooth muscle showed that carbachol-evoked contractions exhibited significant overall time dependence and significant differences between the peak/intermediate time points and the trough values (Fig. 6) . The response had a circadian pattern with a peak at 12 h, corresponding with the intrinsic PER2 peak. Nerve-mediated contractions were only different between 8 and 24 h. Direct muscle stimulation-induced contractions showed no time dependence. Neither the nerve-mediated contractions nor direct muscle stimulation-induced responses showed a clear circadian pattern with significant ascending and descending limbs. These data suggest that circadian rhythm in bladder wall regulates muscarinic receptor-stimulated muscle contraction.
DISCUSSION
We have obtained the first evidence to show that the circadian PER2 expression is regulated by activation of the major excitatory receptors, muscarinic and purinergic receptors, in the urinary bladder. This reveals a novel mode of entrainment for peripheral circadian regulation in a contractile visceral organ; it also represents cross talk between the clock and the endogenous receptor-linked pathways. This finding challenges the paradigm that master clocks control the slave peripheral clocks, which then Pharmacological agents were present in the culture medium throughout the recording. B) Comparison of peak time for these pharmacological interventions. Carbachol and ATP-␥-S shifted the peak hour forward by 4 -5 h; BAPTA-AM had no effect on the peak time. **P Ͻ 0.01 vs. control; 1-way ANOVA and Bonferroni's post hoc test; n ϭ 5-6 mice/group. C) Mechanical stress significantly increased PER2 activity; a nondestructive mechanical stimulus was produced by reverting the sample vial 3 times. Results are from 11 bladders; paired t test. A B Figure 4 . Age dependence of PER2 expression and altered response to neurotransmitter receptor agonists. A) PER2 peak activity is negatively correlated (PϽ0.01, nϭ20 mice) to the age of PER2::Luc mice (1-12 mo). B) Activity over 24 h of PER2 expression in bladders from 9-to 12-mo-old mice (nϭ6) and the response to 10 M carbachol (PϾ0.05, nϭ5); 10 M ATP␥S (PϾ0.05, nϭ5). Peak PER2 activity was observed at 15 h, but it was insensitive to both neurotransmitter receptor agonists.
control the activity of other functional proteins or receptors, and suggests that in addition to this classic masterslave regulating mechanism, the downstream effector proteins can exert a feedback control. We propose a reciprocal interaction between the master clocks and peripheral tissues and between the local clocks and endogenous effector proteins, such as receptors. Such interaction will fine-tune the circadian rhythms and organ function. This mode of regulation of organ function has important physiological and pathological implications. New evidence suggests that neurotransmitter-like substances are also released from other cellular compartment in addition to the nerves, especially the lining epithelial cells, in response to physiological stimuli such as distension and contractions or chemical signals (30, 37) . More importantly, the non-neuronal release of activators can be triggered by inflammation, ischemia, and oxidative stress in aging and pathological conditions (38, 39) . These receptor ligands act on the endogenous receptors in an autocrine and paracrine manner and exert more sustained stimulation than nerve impulses to the receptors and hence modulate the clock activity. Specifically, this mechanism of circadian regulation provides new insight into the control of bladder function. Sustained release of neurotransmitter-like substances occurs in the bladder, analogous to the experimental incubation of the agonists in this study. Acetylcholine and ATP can be released due to nervous activity, and, more notably, non-neuronal activities, such as stretches during normal bladder filling and distension (37, 40, 41) , bladder contractions (28, 42) , spontaneous release (28, (42) (43) (44) , and stimulation by inflammatory mediators (45-50) accumulated in the tissue under pathological conditions and during aging. The tonic release of neurotransmitters due to parasympathetic activity during bladder storage may also occur (51, 52) . However, endogenous release of these neurotransmitters in the bladder is likely to be more complicated than the experimental interventions. This is also subject to various pathological stimuli encountered in the bladder. Thus, the existence of PER2 activity and its control mechanisms represents a novel regulator for bladder function, and its dysregulation may contribute to abnormal bladder activity and pathogenesis of bladder dysfunction. The pathways that mediate the central circadian control over bladder function are not clear. As muscarinic and purinergic receptors are activated by acetylcholine and ATP released from parasympathetic nerve terminals that innervate the bladder, our data also suggest that these regulators can mediate central circadian control via the parasympathetic system. An emerging area in circadian regulation is the posttranscriptional, epigenetic modification. Mechanical strains are known to activate several factors important in epigenetic regulation (34, 35) and are often encountered in pathological conditions. This has implications in many circadian dysregulation-related disorders. Our experiments have demonstrated that mechanical stimulus significantly up-regulates PER2 expression. This suggests that local clocks are plastic and subject to pathological insult. In supporting this finding, a recent study shows that pressure overload leads to altered expression of circadianassociated genes in the heart (53). Whether PER2 response to mechanical stress is regulated by epigenetic mechanisms is subject to further investigation.
Circadian regulation during aging has received increased attention (1, 3, 5) . Despite the importance of circadian cycling in many systems, circadian rhythms in aging organs such as the bladder and circadian control of peripheral physiology remain largely unknown. We have further demonstrated that PER2 expression is altered in older mice, and its response to receptor agonists is also lost. These observations suggest that circadian rhythms of the timekeeping machinery in the bladder are altered during aging. The normal interaction between the clocks and the endogenous receptor pathways is also suppressed. Hence, the normal circadian control of bladder function is lost. The loss of normal circadian control, and hence the intrinsic rhythmicity, may favor unwanted locally generated spontaneous activities in the bladder, and this may favor involuntary contractions and nocturnal bladder overactivity, characteristic of overactive bladders. We propose that a loss or reduction of the normal circadian rhythm and its regulatory mechanisms will promote arrhythmic activities in motility organs. Aging-related epigenetic modification has been demonstrated in the bladder (54) , and it remains to be established whether epigenetic changes occur to its clocks during aging.
The functional relevance of the circadian clock rhythms in the bladder is demonstrated by the circadian changes of the contractile responses to muscarinic receptor activation in the present study. To our knowledge, this is the first evidence for a 24 h rhythmic change in bladder smooth muscle activity. Indirect evidence for bladder rhythms has been provided from diurnal changes of urine production and bladder capacity and micturition frequency with in vivo cystometry (55) . However, these functions are subject to the influence of urine production from the kidney, which has also displayed circadian rhythm. Direct measurement of muscle contractility of the bladder tissue devoid of these influences from the present study provides unequivocal evidence for the rhythmicity of the bladder smooth muscle. Furthermore, these bladder rhythms are specific for receptor-mediated pathways, as direct stimulation of the smooth muscle by membrane depolarization with electrical currents could not produce the phenomenon. This rhythm is also independent from the parasympathetic motor nerves in the bladder wall, as evidenced by lack of circadian pattern in bladder contractions in response to nerve stimulation. The mechanism that drives the rhythmic muscarinic activity, in analogy to other tissues, is likely to be due to modulation by the local clock in the bladder. Circadian rhythms in the receptor-mediated smooth muscle contractile activity may represent a distinct functional regulator in other peripheral motility organs.
In summary, we have identified novel regulators, endogenous muscarinic and purinergic receptors, in determining the local clock activity in the urinary bladders. Our data show that clock proteins are rhythmically expressed in the bladder and can be entrained by endogenous physiological signals and modified by pathological factors. Moreover, clock expression and its local control are altered in aging bladders. We have also demonstrated the functional importance of the local clock activity by providing the first evidence for circadian rhythm of receptor sensitivity in smooth muscle contraction. The reciprocal control of clock and receptor function represents important mechanisms for maintaining normal organ function in the peripheral motility system and their dysregulations may contribute to abnormal motility in age-related conditions. 
